N eutrophil recruitment to inflamed vascular endothelium is initiated by selectins that facilitate cell rolling and activation of ␤ 2 integrins (CD11/CD18) that mediate stable adhesion and migration across the blood vessel wall (1) . Critical to a transition from cell rolling to arrest is a shift in ␤ 2 integrins (CD18) from a low-to high-affinity state primed for binding ICAM-1, which is up-regulated on endothelium in response to cytokine stimulation (2) . A step following arrest is adhesion strengthening and contact-mediated guidance that correlates with membrane redistribution of LFA-1 into high-density clusters concentrated at the uropod and lamellipod along the major axis of a polarizing neutrophil (3) (4) (5) . Supporting the hypothesis that LFA-1 participates in guidance of motility is the observation that allosterically locking LFA-1 in an intermediate-or low-affinity conformation with small molecules abrogated neutrophil polarization and transendothelial migration (4) .
Published data also support the notion that homodimerization of ICAM-1 is a dynamic event on the membrane of inflamed endothelium that can serve to increase leukocyte adhesion efficiency and transmigration (6 -8) . We have reported that high-affinity LFA-1 will remain bound 10-fold longer to dimeric ICAM-1 than to monomeric ICAM-1 (9) . Moreover, neutrophil capture of beads expressing dimer in sheared suspension was 100% more efficient than capture of monomeric ICAM-1 beads, thereby demonstrating a pivotal role of bond valence in adhesion stability under shear flow. For more than a decade it has been known that native ICAM-1 up-regulated on inflamed endothelium exists in equilibrium between the monomeric and dimeric states (10, 11) . More recent data suggest that structural rearrangement of the Ig domain supports a transition to dimeric ICAM-1 that may optimally orient the D1 binding site for adhesion via leukocyte LFA-1 (12) . Taken together, these data suggest that both LFA-1 conformation and valence in binding ICAM-1 under shear stress can dramatically alter the adhesive dynamics. However, it remains ill-defined how binding to dimeric ICAM-1 regulates the adhesive and migratory phenotype of polymorphonuclear leukocytes (PMN) 3 beyond prolonging bond lifetime.
Induction and stability of high-affinity LFA-1 requires ligation of ICAM-1, suggesting a causal link between stable adhesion and the cell's activation status, including F-actin polymerization (13, 14) . For instance, chemokine activation of PMN can rapidly induce a shift in LFA-1 affinity that is mediated by linkage to the cytoskeleton (4, 5) . Releasing LFA-1 from its actin cytoskeletal restraints promotes a conformational shift in LFA-1 to a highaffinity state and leads to directed cell movement (15) . Membraneassociated nonreceptor Src family kinases (SFK) can directly interact with the integrin cytoplasmic tail and regulate integrin affinity and outside-in signaling, which together link a variety of extracellular cues to cytoskeletal functions such as cell spreading (16, 17) . For instance, the SFK member Fyn rapidly recruits to sites of LFA-1 binding and lymphocyte migration on ICAM-1 (18, 19) . More recently, it was shown that another member, Syk, is implicated in outside-in signaling through integrins (20, 21) . Slow rolling on E-selectin and ICAM-1 was abolished by blockade of Syk and was absent in Syk Ϫ/Ϫ bone marrow chimeric mice, indicating an important role of Syk in mediating downstream signaling leading to actin polarization (20, 22) . Furthermore, co-clustering of high-affinity CD18 and F-actin at the site of PMN homotypic aggregation is blocked by inhibitors of SFK activity (23) . Taken together, these results demonstrate that SFK regulate conformational shifts and increased affinity of LFA-1 that are accompanied by F-actin polymerization and leukocyte motility. However, the role of SFK phosphorylation in LFA-1/ICAM-1-mediated neutrophil arrest and migration on inflamed endothelium have not been established.
In the present study, we tested the hypothesis that PMN adhesion to surfaces bearing dimeric ICAM-1 provides a critical outside-in signal via high-affinity LFA-1 that results in F-actin formation, macromolecular assembly with phospho-SFK, and directed cell migration. Inhibition or genetic deletion of SFK disrupted the redistribution of high-affinity LFA-1 along the major axis of polarized PMN, a requisite step for migration and diapedesis on inflamed endothelium in shear flow. We conclude that the cooperative tuning of LFA-1 affinity on the PMN and ICAM-1 valence on the endothelium serves to spatially coordinate and integrate signals from selectins, chemokines, and integrins as they are ligated on a decelerating PMN at vascular sites of inflammation.
Materials and Methods

Abs, small molecules, and reagents
Abs were used at 10 g/ml or per manufacturer's suggestion. Reagents used were nonblocking mAb CL23.4, which was a kind gift from the Luscinskas Laboratory (Brigham and Women's Hospital, Boston, MA), anti-ICAM-1 (BBIG-I1; R&D Systems), anti-Mac-1 (2LPM19c, Dako), goat anti-rabbit IgG fluorescein (Antibodies Incorporated), anti-IL-8 (BioSource International), Ab to phospho-Src family (Tyr 416 ) (Cell Signaling Technology), normal rabbit IgG (Upstate Biotechnology), rat anti-mouse CD11b (5C6, Serotec), anti-CD45 Ab, rhodamine-conjugated donkey antirabbit IgG secondary Ab (Invitrogen), small-molecule lovastatin (Calbiochem), recombinant human IL-8, IL-1␤, monomeric ICAM-1 (R&D Systems), dimeric ICAM-1/Ig, anti-LFA-1 (TS2/4), anti-CD18 (240Q Fab), and anti-CD18 (327C) (ICOS), Alexa Fluor 488 labeling kit, fluorescein phalloidin (Molecular Probes), Src kinase inhibitor II (EMD Biosciences), and MIP-1␣ (PeproTech).
ICAM-1 bead assembly
Carboxylate microspheres (diameter of 10 m) were purchased from Polysciences. Five hundred microliters of beads was washed twice in 1.5 ml of MES buffer (pH 5.0) (Sigma-Aldrich), resuspended in 200 l of MES, and sonicated for 15 min. 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide, hydrochloride (Molecular Probes) was added at 1 mM, and beads were incubated for 5 min at room temperature and centrifuged at 500 rpm. Monomeric ICAM-1 (172.4 g/ml) or dimeric ICAM-1/Ig (86.2 g/ml) was mixed with the beads for 1 h at room temperature at 500 rpm, except for beads that also had anti-IL-8, where both the anti-IL-8 (20 g/ml) and ICAM-1 were coincubated. Glycine (Sigma-Aldrich) was added (10 mM) and beads were mixed for 30 min at room temperature at 500 rpm. ICAM-1 beads were washed in PBS and resuspended in 1.5 ml of PBS. Monomer-and dimer-coated beads (150 l) were added to an equivalent volume of Coomassie reagent (Pierce). Samples were vortexed for 30 s and incubated for 10 min at room temperature. Absorbance was measured at or near 595 nm on a NanoDrop ND-1000 spectrophotometer and compared with BSA standard to obtain baseline. Samples were then washed with 5% trypsin-EDTA 10ϫ (Invitrogen) and incubated at room temperature to detect bound ICAM-1 concentration. Samples were centrifuged at 500 rpm, and supernatant was stained with Coomassie reagent and analyzed by a NanoDrop ND-1000 spectrophotometer. Basal trypsin levels were subtracted from ICAM-1 concentrations and the average concentrations of monomeric and dimeric ICAM-1 were found to be 54.35 and 63.43 g/ml, respectively. This confirmed approximately equal site densities of ICAM-1 on the beads.
Site density on beads was determined by comparison with bead standards containing a known number of binding sites (Quantum Simply Cellular beads, Bangs Laboratories) and prescribed to be ϳ6000 sites/m 2 as identified by anti-CD54 and analyzed on a FACScan flow cytometer. This is consistent with the ICAM-1 site density observed on activated endothelium (24) . Beads with anti-IL-8 were incubated with 50 nM IL-8 for 15 min and then washed immediately before use.
Human PMN isolation
Whole blood was drawn from healthy subjects by venipuncture into sterile syringes with heparin (10 U/ml blood, Elkins-sinn) as described previously (4) . PMN were isolated from whole blood using a density gradient media (Matrix/Thermo Scientific). PMN were washed once with HEPES buffer (10 mM KCl, 110 mM NaCl, 10 mM glucose, 1 mM MgCl 2 , and 30 mM HEPES (pH 7.4)) and were maintained at room temperature in HEPES buffer, human serum albumin (HSA) (0.1%), and CaCl 2 (1.5 mM) for not more than 10 min before use.
Bead/PMN assay of F-actin content
PMN suspensions were prepared in HEPES buffer (with 0.1% HSA and 1.5 mM CaCl 2 ). To focus this study predominantly on LFA-1-mediated adhesion, Mac-1 was blocked with 10 g/ml 2LPM19c for 15 min at 37°C just before assaying bead binding and activation. In conditions where soluble lovastatin (1 mM), Src kinase inhibitor (10 M), DMSO, or TS2/4 were used, these reagents were also simultaneously incubated with the 2LPM19c. PMN (10 5 /ml) were then mixed for 2 min with beads (10 6 /ml) coated with either ICAM-1 or Ab. PMN/bead mixtures were then washed and resuspended in 0.1 mg/ml lysophosphatidylcholine (Avanti Polar Lipids) in buffered formalin (Fisher Scientific) for 10 min on ice to fix and permeabilize the cells. Phalloidin-FITC (0.165 M) or anti-CD18 (327C)-Alexa Fluor 488 (all 10 g/ml) was mixed with the cells at 37°C for 20 min and then washed and resuspended in HEPES buffer. F-actin content on single aggregates of PMN beads was analyzed on a FACScan flow cytometer (BD Biosciences) by first gating this population on a forward vs side scatter plot and then assessing mean fluorescence intensity (MFI). Statistical analysis was performed using GraphPad Prism software using the two-tailed t test or the Newman-Keuls multiple comparison test.
Mouse PMN isolations
Murine bone marrow PMN were isolated using a one-step 62% density gradient medium as previously described (25) . Cells were kept at 4°C in a Ca 2ϩ /Mg 2ϩ -free HBSS. CaCl 2 and MgCl 2 were added to the buffer at 1 mM final concentration before analysis. PMN were isolated by dextran sedimentation of RBCs, followed by pelleting in Ficoll-Paque Plus (Amersham).
Soluble ICAM-1 binding to mouse PMN
Mouse PMN were isolated from 10-wk-old male C57BL/6 wild-type and hck Ϫ/Ϫ fgr Ϫ/Ϫ lyn Ϫ/Ϫ knockout mice (26) . Experiments were run in HEPES buffer with 1.5 mM CaCl 2 and 0.1% HSA at room temperature for not longer than 4 h during the experiment. PMN (2 ϫ 10 5 cells/100 l) were incubated with 10 g/ml rat anti-mouse blocking CD11b Ab for 10 min at 37°C, 450 rpm. Without wash, PMN were either left inactivated or activated (as indicated) with 100 ng MIP-1␣ and allowed to bind soluble dimeric ICAM-1-Alexa Fluor 488 (10 g/ml) for 10 min. Samples were read by fluorescence flow cytometry.
PMN shape change on ICAM-1 substrates
Monomeric (75 g/ml) or dimeric (35 g/ml) ICAM-1 was titrated to achieve equal coating density by incubation on polystyrene for 2 h at room temperature in TBS (pH 8.5). The substrate was washed with TBS, and then HSA (4%) was incubated in TBS on the substrate overnight to block nonspecific interactions. Substrates were then washed in HHB (0.1% HSA and 1.5 mM CaCl 2 ) and kept hydrated until use. Neutrophils were allowed to settle for 1 min while images were taken every second. IL-8 (10 nM) was then added and lightly mixed. Imaging continued for another 6 min after IL-8 addition. Images of adhered neutrophils were analyzed with ImagePro Plus 5.1 (Media Cybernetics). The ratio of the maximum length to minimum width through the PMN centroid was analyzed and plotted.
Immunoprecipitation and Western blotting
Following incubation of PMN (2 ϫ 10 7 ) on monomeric or dimeric ICAM-1 for 7 min, the cells were frozen in liquid nitrogen. The cells were then resuspended in 250 l relaxation buffer (10 mM HEPES (pH 7.4), 100 mM KCl, 3 mM NaCl, 3.5 mM MgCl 2 , 1 mM PMSF, 10 g/ml leupeptin, and 10 g/ml aprotinin) and then sonicated for 6 s. Nuclei, granules, and unbroken cells were removed by centrifugation at 860 ϫ g for 10 min at 4°C. Supernatants were ultracentrifuged at 100,000 ϫ g for 30 min at 4°C to separate cytosol and membrane fractions. Supernatants were collected (cytosol), or pellets (membrane) were resuspended in 80 l 1% n-octylglucoside (Boehringer Mannheim). Total protein in both fractions was quantified with Bio-Rad protein assay reagent using BSA as a standard. Membrane or cytosol fractions were added to 4ϫ sample buffer and boiled for 10 min. Proteins were subjected to SDS-PAGE and Western blotting.
For immunoprecipitation, PMN were solubilized in lysis buffer (1% Nonidet P-40 in 50 mM NaCl, 50 mM Tris-HCl (pH 7.4)) containing 5 mM EDTA, 1 mM NaF, leupeptin (1 g/ml), aprotinin (10 g/ml), pepstatin A (1 g/ml), 2 mM sodium orthovanadate, and PMSF (100 g/ml). Lysates were vortexed every 5 min and incubated on ice for 30 min and then centrifuged at 19,000 ϫ g at 4°C for 20 min. The lysates were precleared by incubation/gentle rocking with 50 l protein G-agarose beads (Invitrogen) at 4°C for 30 min. Immunoprecipitations were conducted by adding rat anti-LFA-1 (BioLegend), incubating at 4°C overnight, followed by addition of protein G-agarose beads and further incubation for 90 min. Immune complexes were washed with the same lysis buffer three times, resolved by SDS-PAGE, and transferred onto nitrocellulose membranes. Immunoblots were blocked with 5% milk in PBST (PBS (Sigma-Aldrich) 1 tablet/200 ml, 0.1% Tween 20) for 1 h and then incubated overnight with primary Abs for phospho-SFK (Tyr 416 ) (Cell Signaling Technology) in 5% milk PBST, followed by Alexa Fluor 680-labeled anti-rat or anti-mouse secondary Abs (Molecular Probes). Immunoblots were scanned by using the LI-COR machine system.
Brain endothelial (bEND) cells-PMN adhesion/migration assay
Bone marrow PMN were isolated from hck Ϫ/Ϫ fgr Ϫ/Ϫ lyn Ϫ/Ϫ and strainmatched wild-type mice. To observe PMN interaction with a physiological substrate, we have developed a microfluidic device capable of generating a defined shear stress within leukocyte-containing fluid. We assembled this device on top of a confluent monolayer of bEND.3 endothelial cells stimulated 5 h before the experiment with 300 U/ml murine TNF-␣. To promote adhesion, PMN were initially perfused over the monolayer at a concentration of 4 ϫ 10 6 PMN/ml and allowed to settle for 1 min. Following static adhesion, we perfused PMN through the microfluidic channels at an average wall shear stress of 1 dyne/cm 2 and recorded the resulting PMNendothelial interactions by phase-contrast videomicroscopy for the subsequent 8 min in multiple regions of the bEND.3 monolayer. PMN interacting with the substrate were readily identified by their phase-bright appearance, and arrested and rolling PMN were discriminated as previously described (4) . Arrested PMN were classified as "polarized" if the ratio of length to width of the phase-bright cell image was Ͼ1.5. PMN undergoing transendothelial migration (TEM) were identified by a transition from phase-bright to phase-dark appearance as the cells spread to the basal side of the endothelial monolayer. All bEND.3 adhesion data are representative of differences between wild-type and knockout mice (n ϭ 2) and six experimental runs.
HUVEC-PMN adhesion/migration assay
HUVEC monolayers at passages 5-6 were grown to confluency over 2-3 days on gelatin-coated coverslips. We assembled a polydimethylsiloxane microfluidic device (described above) on the HUVEC monolayers stimulated for 4 h with 30 U/ml TNF-␣. PMN were incubated at 37°C for 30 min in 1 M SFK inhibitor or 0.3% DMSO control, and then perfused over the inflamed monolayers at a concentration of 1 ϫ 10 6 /ml and an average wall shear stress of 2 dyne/cm 2 . Arrest, polarization, and TEM were determined as described above. Adhesion and polarization data are representative of at least four experimental runs for both control and inhibited PMN.
Real-time fluorescent imaging
In certain flow experiments, control and SFK inhibited PMN at a concentration of 1 ϫ 10 6 /ml were prelabeled with 20 g/ml 327C or TS2/4 directly conjugated to Alexa 546 fluorophore for 10 min at room temperature. To image a robust polarization response, microfluidic devices were assembled atop confluent HUVEC monolayers stimulated with 5 ng/ml IL-1␤ for 4 h. Labeled PMN were perfused at 2 dyne/cm 2 average wall shear stress over this inflamed monolayer for 3 min, at which time the inlet reservoir was washed with unlabeled HHB with 1.5 mM Ca and 0.1% HSA to reduce background fluorescence. Sequences of brightfield and 546 nM excitation fluorescence were captured from random fields of arrested PMN for 6 min after the initial wash. High-density clusters of 327C or TS2/4 signal were defined as regions of a PMN with 546 nM pixel intensity 3 SDs higher than the mean pixel intensity of the cell. Polarized PMN that expressed a cluster within 1 m of the uropod and at least one additional distinct cluster Ͼ3 m from the uropod were quantified as having biaxial integrin distribution. Data are representative of two experimental runs for each condition. Experiments were also performed to image ICAM-1 conformation on stimulated and resting HUVEC monolayers. HUVEC grown to confluence were stimulated with IL-1␤ (5 ng/ml) for 4 h and subsequently labeled with mAb BBIG-I1 (R&D Systems) that recognizes an epitope common to all ICAM-1, followed with a secondary IgG Alexa Fluor 546 conjugate. Another ICAM-1 mAb specific to domain 4 accessible on dimeric ICAM-1 was also applied (clone CL23.4). HUVEC were then fixed with 2% PFA for 15 min, washed with PBS, and immunofluorescence imaging was used to quantify expression levels on cell body and at junctions.
Total internal reflection fluorescence microscope imaging
PMN (5 ϫ 10 6 /ml in 125 l) in HBSS with Ca 2ϩ /Mg 2ϩ (1 mM) were plated on coverslips coated with monomeric (75 g/ml) or dimeric (15 g/ml) ICAM-1 at 37°C for 7 min and then fixed in 1% paraformaldehyde for 10 min (at 37°C). The cells were washed twice with HBSS followed by blocking with 10% FCS for 30 min and stained with Alexa Fluor 488-conjugated anti-human LFA-1 (TS2/4) mAb at 4°C in the dark for 1 h. The cells were washed in PBS and permeabilized with PBS containing 5% FCS and 0.2% Triton X-100 (blocking buffer) at room temperature for 30 min. The cells were then stained with anti-phospho-SFK at 4°C in dark for 2 h. Cells were then washed with blocking buffer five times followed by staining with rhodamine-conjugated donkey anti-rabbit IgG secondary Ab for 1 h at 4°C in the dark. The cells were then washed five times with blocking buffer and immediately imaged. Image acquisition was achieved by Zeiss Axiovert 200M with a 100ϫ/1.45 oil objective and a 1.6ϫ Optovar. As 
Results
Imaging neutrophils arresting and transmigrating on inflamed endothelium reveals that most transmigrate at cell-cell junctions where ␤ 2 integrins engage endothelial ICAM-1 (27, 28) . ICAM-1 was labeled on unstimulated and IL-1␤-stimulated HUVEC using Ab CL23.4 that specifically recognizes ICAM-1 homodimers, and it was compared with mAb BBIG-I1 that recognizes a common epitope on all ICAM-1. A low, albeit significant, level of BBIG-I1 was observed to bind to unstimulated HUVEC as compared with virtually no binding with CL23.4, suggesting that a low density of monomeric ICAM-1 sites dominated the expression (Fig. 1) . IL-1␤ stimulation induced a comparable 3-fold increase in total and homodimeric ICAM-1 on the surface, and ϳ75% of Abs recognizing either form of ICAM-1 were proximal to intracellular junctions (Fig. 1b) . These data support the conclusion that ICAM-1 up-regulated during inflammatory stimulation with IL-1␤ rapidly forms dimers that concentrate at intracellular junctions.
Activation of PMN through LFA-1 binding to ICAM-1
To assess the capacity for adhesive contact-mediated activation of PMN bound to beads, the extent of F-actin polymerization was measured on cell suspensions by flow cytometry and confirmed on single PMN-bead aggregates by immunofluorescence microscopy (Fig. 2) . A number of bead chemistries were assembled to establish localized activation of PMN with a specified ICAM-1 valence. The beads were mixed in shear suspensions with PMN while inducing or blocking the LFA-1 highaffinity state. Monomeric or dimeric ICAM-1 was coupled to the bead surface at equivalent site density. In some experiments beads were coated only with mAb TS2/4 to assess the contribution of bivalent ligation of LFA-1 in the absence of ICAM-1. This Ab recognizes the CD11a subunit of LFA-1 and does not block its recognition of domain 1 of ICAM-1 (9, 29) . Neutrophils adherent to dimeric ICAM-1 beads in the absence of chemokine stimulation up-regulated F-actin by ϳ100% compared with those binding to beads presenting TS2/4 or monomeric ICAM-1. This activation was associated with a conformational upshift in LFA-1 affinity as F-actin localization was blocked to baseline levels by addition of lovastatin, which stabilizes LFA-1 in the low-affinity state. Addition of soluble IL-8 to PMN bound to monomeric ICAM-1 or TS2/4 beads increased activation by ϳ100%, and this effect was augmented for dimeric ICAM-1 beads to a ϳ200% increase in F-actin (Fig. 2a) . Direct imaging of phalloidin at the PMN-bead interface confirmed that F-actin formation was a proportional response to G protein-coupled receptor (GPCR) and integrin-mediated signaling. PMN were directly activated via CXCR1/2 by coimmobilizing recombinant IL-8 along with ICAM-1 on beads. As shown in the representative images, F-actin was up-regulated to a greater extent on PMNs bound to dimeric as compared with monomeric ICAM-1 beads (Fig. 2b) . Ab 240Q binds to the ␤ (CD18) subunit of LFA-1 and allosterically induces a high-affinity conformation for binding ICAM-1 (5, 30, 31) . Addition of univalent Fab fragments of 240Q to PMN bound to dimer ICAM-1 beads increased F-actin production by 115% and 134% over those bound to TS2/4 and monomeric ICAM-1 beads, respectively (Fig. 2c) . Addition of soluble bivalent TS2/4 to cross-link LFA-1 bound to either monomer or dimer ICAM-1 activated significantly more F-actin than for PMN bound and unstimulated. Taken together, these data suggest that neutrophil adhesion to dimeric ICAM-1 through LFA-1 is not only sufficient to initiate F-actin production, but is synergistic with stimulation via chemokine or allosteric Ab and is necessary to drive maximal cytoskeletal activation.
SFK-mediated signaling
SFK have been shown to function in transduction of outside-in signaling via high-affinity CD18 and inside-out signaling upon ligation of the chemokine receptor CXCR1 (32) . We assessed the role of SFK in cytoskeletal activation via LFA-1 when bound to dimeric ICAM-1 beads. PMN were preincubated with Src kinase inhibitor II (a derivative of 2-thioxo-2,3-dihydro-1H-thieno [2,3-d] pyrimidin-4-one) (33) and then incubated with dimeric ICAM-1 or control IgG-coated beads in the presence or absence of coexpressed IL-8 on the bead surface under conditions of fluid shear stress. Pretreatment of PMN with Src kinase inhibitor II decreased F-actin by ϳ25% in PMN bound to ICAM-1 beads (Fig. 3a) . However, activation was recovered by stimulation with IL-8, thereby suggesting a dominant role for SFK in outside-in signaling of cytoskeletal activation following ligation of ICAM-1. This was confirmed by examining the capacity of Src kinase inhibitor to alter activation of CD18 to the high-affinity conformation upon binding ICAM-1 dimer. Binding of the allosteric high-affinity reporter mAb 327C to PMN enabled detection of activation in the presence of beads coated with dimeric ICAM-1 with and without coexpression of IL-8. Stabilization of high-affinity CD18 bound to dimeric ICAM-1 or IL-8 was not significantly decreased by SFK inhibition (Fig. 3b) . However, the increased activation co-signaled in the presence of IL-8 and ICAM-1 was inhibited ϳ70% toward the baseline with ICAM-1 alone (Fig. 3b) . Thus, SFK do not appear to be involved in stabilization of high-affinity LFA-1 during insideout signaling via CXCR, but are required for the synergistic activation that presumably involves outside-in signaling via LFA-1 binding to dimeric ICAM-1.
To confirm whether SFK are indeed involved in conversion and signaling via high-affinity CD18, we assayed the binding of soluble dimeric ICAM-1 on neutrophils isolated from a murine knockout deficient in all three SFK members (hck, fgr, and lyn) (34) . The ICAM-1 binding capacity of bone marrow-isolated PMN was compared between wild-type and the triple knockout mouse in the presence of anti-Mac-1 to ensure that LFA-1 activation was assessed. PMN from SFK-deficient mice bound ϳ50% less ICAM-1 when compared with wild-type mice, suggesting that the PMN isolation procedure alone activated a portion of LFA-1 in a SFKdependent manner. Addition of MIP-1␣, which stimulates via CXCR2, increased ICAM-1 binding by 1-fold in wild-type mice, and this was decreased by 30% in the SFK knockout mice (Fig.  3c) . These data confirmed that SFK are necessary for full activation of LFA-1 binding capacity, but that PMN retain the capacity to activate high-affinity LFA-1 binding to ICAM-1 via GPCR signaling in the complete absence of SFK.
We have recently reported that adhesion via high-affinity LFA-1 is a critical step in the process of neutrophil polarization and transmigration on inflamed HUVEC (4). High-affinity LFA-1 was observed to assemble at the uropod and base of newly formed pseudopods during contact-mediated activation that precedes transmigration on inflamed endothelium (4). Here, we examined the role of SFK in the integration of signaling through high-affinity LFA-1 bound to a substrate bearing dimeric ICAM-1. Human PMN became polarized only after addition of soluble IL-8 subsequent to PMN in contact with the ICAM-1 substrate. To examine the role of LFA-1 cross-linking on cytoskeletal activation and the extent of PMN polarization, soluble TS2/4 was added during adhesion on ICAM-1. Cross-linking of LFA-1 with TS2/4 augmented PMN polarization on dimeric as compared with monomeric ICAM-1 substrate (Fig. 4) . Pretreatment with Src kinase inhibitor II, but not DMSO alone, significantly reduced the extent of PMN polarization to a baseline value. These data suggest that during contact-mediated activation via dimeric LFA-1/ ICAM-1 bonds, SFK are involved in outside-in signaling that leads to PMN polarization. 
Activated SFK and LFA-1 colocalize in macromolecular clusters on ICAM-1
SFK inhibitor effectively suppressed the capacity of LFA-1 to participate in contact-mediated activation and polarization during PMN arrest on dimeric ICAM-1. This would suggest that activated SFK may physically associate with LFA-1 and participate in outside-in signaling. To test this hypothesis, we examined colocalization of LFA-1 with phospho-SFK in the plane of the membrane at sites of adhesive contact with ICAM-1. Substrates of monomeric and dimeric ICAM-1 of equal site density were assembled and adherent PMN were analyzed using total internal reflection fluorescence microscopy. This technique was applied to excite fluorophore-conjugated Abs to LFA-1 and phospho-SFK diffusing on adjacent sides of the plasma membrane and assembling within ϳ100 nm of the substrate. In this manner, we could detect assembly of LFA-1 clusters and activated SFK in the plane of the membrane bound to a glass slide derivatized with either monomer or dimer ICAM-1. Dimeric ICAM-1 was 75% more effective than monomeric ICAM-1 at initiating macromolecular clusters of LFA-1 on spread PMN (Fig. 5, a and b) . Although PMN adhesion was observed on both the monomeric and dimeric ICAM-1 substrates in this static assay, the latter supported a greater extent of LFA-1 activation and PMN polarization. Discrete clusters of activated SFK within the cortical membrane were imaged on PMN spread on dimeric ICAM-1 using an Ab that reports on the phosphorylation of Tyr 416 , which is in the activation loop of the catalytic domain of Src kinase. These clusters were 3-fold more likely to colocalize with LFA-1 than Ab CD45 and 6-fold more probable than that due to random receptor association in the membrane (Fig.  5, c and d) . Moreover, colocalization of Tyr 416 and LFA-1 in wildtype PMN was specific, as its signal was absent in PMN isolated from triple SFK knockout mice (data not shown).
We next determined whether LFA-1 and SFK become physically associated within these focal clusters during adhesion on ICAM-1. Whole-cell lysates and membrane fractions of murine PMN adherent on monomeric vs dimeric ICAM-1 were isolated by differential centrifugation. In whole-cell lysates, Tyr 416 detection was not significantly different between PMN on monomeric or dimeric ICAM-1 (Fig. 6a) . This baseline level of Tyr 416 signal was attributed to autophosphorylated SFK and was associated with intrinsic kinase activity equally abundant on PMN adherent to monomer or dimer. Adhesion of PMN on ICAM-1 resulted in a mobilization of phospho-SFK to the membrane and physical association with LFA-1. This is substantiated by the lower level of Tyr 416 associated with LFA-1 in the membrane fraction as compared with the whole-cell lysate (Fig. 6a) . Furthermore, a 1-fold greater level of Tyr 416 was isolated from the membrane fraction of PMN adherent to dimeric as compared with monomeric ICAM-1 (Fig. 6b) . The two distinct bands observed in Fig. 6 were attributed to Lyn, which migrates as a doublet of 55 and 58 kDa. This was substantiated by a lack of signal observed in immunoblots conducted with the lysate from PMN obtained from mice genetically deficient in Lyn (data not shown). Taken together, these data indicate that PMN bound to dimeric ICAM-1 effectively recruit the phosphorylated subunit of Lyn to membrane clusters of LFA-1 within minutes of adhesion to dimeric ICAM-1.
To further define the role of SFK in a model of PMN recruitment to inflamed endothelium under shear flow, we observed cell capture, rolling, and subsequent transmigration in a custom-made parallel plate microfluidic flow channel (35) . Human PMN pretreated with soluble SFK inhibitor, and mouse PMN isolated from the bone marrow of wild-type and SFK knockout, were observed during recruitment under a shear of 2 dyne/cm 2 on inflamed HUVEC and mouse bEND cells, respectively. Inhibition or deletion of SFK did not impair PMN capture and rolling on the endothelium; however, the fraction of PMN that was arrested was diminished by ϳ50% on both mouse and human endothelium (Fig.  7) . Within seconds of arrest, virtually all PMN in wild-type mice and human controls exhibited shape polarization, and a fraction of these transmigrated to a position beneath the inflamed endothelium, where they are easily detected by their phase-dark appearance. Under conditions in which SFK were inhibited or genetically deleted there was a 90% reduction in the capacity for PMN to become polarized, and transmigration was abrogated. We next examined whether the lack of polarization and migration observed in the SFK-deficient PMN would also manifest in a defect in the redistribution of high-affinity LFA-1 to the leading and trailing membrane of polarized and migrating cells. Human PMN perfused over IL-1␤ stimulated HUVEC monolayers at 2 dyne/cm 2 underwent cell polarization and redistribution of the ␤ 2 integrin activation reporter 327C to the uropod and pseudopod, as previously reported (Fig. 8a) . Pretreatment of PMN with soluble SFK inhibitor decreased, but did not abrogate, the extent of highaffinity CD18 in polarized cells. Most evident was that LFA-1 remained clustered at the uropod and did not redistribute into highaffinity clusters at the base of forming pseudopods (Fig. 8b) . Taken together, the data suggest that binding to dimeric ICAM-1 facilitates cellular cytoskeletal activation and conversion of LFA-1 into a high-affinity state. This promotes LFA-1 colocalization with phospho-SFK, which is necessary for contact-mediated cell polarization and migration across inflamed endothelium.
Discussion
Leukocyte binding to the multivalent form of ICAM-1 induces clustering of high affinity LFA-1, which promotes shear-resistant cell adhesion and contact-mediated guidance during transmigration across inflamed endothelium (4, 36) . It is well established that ICAM-1 is cooperative in this process, as it reorganizes on the surface of inflamed endothelium into high-density clusters that support multimeric binding of ␤ 2 integrins during migration (36 -38) . Membrane redistribution of focal clusters of high-affinity LFA-1 is observed on PMN following arrest as they proceed to a polarized and migratory phenotype on inflamed endothelium (4) . Based on these observations and the fact that small-molecule allosteric antagonists that retain LFA-1 in low or intermediate affinity effectively abrogate PMN polarization and transmigration, we focused this study on the process underlying LFA-1-dependent guidance of PMN and discovered that: 1) PMN binding to dimeric ICAM-1, but not monomeric ICAM-1, initiated cytoskeletal activation synergistically with stimulation by either chemokine or allosteric Ab; 2) SFK became activated and associated with highaffinity focal clusters of LFA-1 on the plasma membrane upon contact with dimeric ICAM-1, which concentrated at intracellular junctions on inflamed endothelium; and 3) SFK activation was required for efficient PMN arrest, polarization, and transmigration on inflamed endothelium in shear flow. These data suggest that mutual coordination of LFA-1 affinity on the leukocyte and membrane redistribution of ICAM-1 homodimers are pivotal and cooperative events in the multistep process of leukocyte recruitment during inflammation.
Integrin affinity and ICAM-1 valence regulate the level of cytoskeletal activation
The physiological importance of dimeric ICAM-1 as compared with monomeric ICAM-1 expression in promoting a migratory phenotype of PMN on endothelial cell surfaces was evident. Fluorescent imaging of ICAM-1 on stimulated HUVEC revealed dimeric ICAM-1 to be the predominant conformation observed on the membrane surface (10) . In employing beads presenting ICAM-1 at defined site density and reagents that regulate the affinity and valence of CD18, a hierarchy in the activation state of PMN bound to beads derivatized with various IgGs was clearly evident. Surface expression of dimeric ICAM-1 on beads was sufficient to accumulate high-affinity CD18 and activate F-actin formation at the site of contact. This was attributed to the generation of outside-in signals specifically via high-affinity LFA-1 since Ab blocking of Mac-1 receptors that also bind tightly to ICAM-1 did not diminish PMN activation, yet stabilizing LFA-1 in a low-affinity state with lovastatin effectively blocked signaling. We discovered that at a minimum, formation of LFA-1 dimers formed by binding to ICAM-1 dimers, or cross-linked by mAb TS2/4, was sufficient to initiate outside-in signaling. These data led us to speculate that the distance (e.g., ϳ100 Å) between respective ICAM-1 molecules presented on the recombinant IgG construct attached to our beads, as well as the native homodimer up-regulated on inflamed endothelium (12, 39) , is a strategic one for conducting the outside-in signal via LFA-1. This spatial acuity between ligated pairs of high-affinity LFA-1 may facilitate linkage with accessory molecules such as talin (e.g., cross-sectional area of ϳ60 nm) that exist as elongated flexible antiparallel dimers with binding sites for several ␤ integrin cytodomains (40, 41) . Dimerization of LFA-1 through ICAM-1 binding may allow a single talin or other accessory molecule to engage with multiple LFA-1 tails within the same spatial region of the submembrane cytoplasm through multimeric interaction. These macromolecular complexes may also provide a scaffold for concentrating phospho-SFK and other integrin-associated signaling molecules through transient interaction, increasing the likelihood of cross-phosphorylation and the successful assembly of a signaling complex that effects outside-in signaling. For example, it has been observed that binding of LFA-1 cytoplasmic domains to talin results in uncoupling of the ␣ and ␤ subunits and subsequent outside-in signaling, implying that proximity between integrins may catalyze efficient uncoupling and signaling (42) .
SFK as a transducer of outside-in signaling
Published data support a role for SFK phosphorylation in regulation of adhesion molecules during leukocyte arrest and transmigration on inflamed endothelium. For instance, SFK-induced cortactin phosphorylation coordinates the clustering of E-selectin and ICAM-1 at the site of contact between a leukocyte and inflamed endothelium (38) . We observed that redistribution of bound LFA-1 and phospho-SFK upon PMN adhesion provided critical guidance cues for efficient transmigration, as genetic deletion or soluble inhibitors of SFK abrogated TEM. Others have reported that SFK members Hck and Lyn are activated upon ligand binding of highaffinity CD18 and their activity strengthens adhesion by concentrating F-actin and CD18 at sites of adhesion (23) . A more refined model of the role of SFK in the multistep process of PMN recruitment is emerging. Imaging adhesion kinetics in our microfluidic channels revealed that PMN capture and rolling was unaffected in the absence of SFK, whereas arrest was inhibited by ϳ50% and cell polarization and transmigration were virtually abrogated in SFK-deficient mouse PMN or in human PMN treated with soluble inhibitor. PMN adherent to dimeric ICAM-1 initiated SFK phosphorylation, which coincided with its focal clustering with highaffinity LFA-1 in the cortical membrane. Consistent with previous reports, the mechanism underlying the defect induced by inhibiting SFK correlated with an inability to cluster high-affinity LFA-1 along the major axis of shape polarization and to polymerize Factin after adhesion. We conclude that although SFK are necessary for signal transduction at sites of adhesion, they are particularly instrumental in signaling via focal clusters of high-affinity LFA-1 and in linking this complex to cytoskeletal rearrangement that facilitates guidance to sites of transmigration. In the context of contact-mediated guidance, platelet spreading on fibrinogen via ␣(IIb)␤ integrin (3) is linked to protein kinase C ␤ activation and is mediated by the adaptor/scaffolding protein receptor for activated C kinase 1 (RACK1), which can directly modulate interaction with the SFK (43) . Rearrangement of LFA-1 by ICAM-1 is known to transduce specific cytoplasmic changes in integrin tails and stabilization in response to GPCR-mediated Rap-1 activation (44) . In this regard, in separate studies we observed focal clustering of high-affinity LFA-1 associated with Rap-1 and talin on PMN adherent to dimeric, but not monomeric, ICAM-1 (N. Dixit and S. I. Simon, unpublished data). This is consistent with formation of a macromolecular complex of LFA-1/ICAM-1/Rap-1 with SFK that directs leukocyte adhesion strengthening and migration into sites of inflammation, a process that is deficient in leukocyte adhesion deficiency-III patients who are lacking these complexes (45) .
Sequential regulation of outside-in signaling and PMN diapedesis
We propose the following stepwise model for contact-mediated guidance via high-avidity mulitvalent clusters of LFA-1/ICAM-1: Conversion of a single LFA-1 to an intermediate or high-affinity state through inside-out signaling (e.g., chemokine, or clustering of E-selectin ligands) promotes binding to a single ICAM-1 of a homodimer, which facilitates more efficient binding of proximal LFA-1 to the second ICAM-1. A critical geometry is achieved by this specific pattern of clustered LFA-1 bound to oligomerized ICAM-1, which leads to cytoskeletal formation of F-actin and clustering of SFK and other adaptor molecules at focal clusters. These clusters take up the membrane forces anchoring PMN in shear flow, and this may increase the likelihood of converting additional LFA-1 to high affinity, thereby increasing the bond lifetime of the LFA-1/ICAM-1 complex. Supporting the idea of a signaling complex requiring more than a single LFA-1 is the finding that the threshold for PMA to activate nonclustered LFA-1 in mutant K562 cells is higher than in cells retaining the capacity to cluster LFA-1 (46) . The implication is that mutant, nonclustered LFA-1 cannot form an effective outside-in signaling complex. Recruitment of F-actin to clustered high-affinity LFA-1 may provide a scaffold for SFK phosphorylation leading to downstream signaling through RACK1 and protein kinase C, which in turn amplifies the number of high-affinity integrins in a positive feedback process that serves to coordinate cell polarization and directed migration at focal sites of contact. This is supported by our observation that SFK were more involved in outside-in signaling upon dimeric ICAM-1 binding and LFA-1 clustering than in conversion of LFA-1 to high affinity in response to GPCR signaling via MIP-1␣ or IL-8 receptor ligation in the absence of ICAM-1. Disruption of outside-in signaling was evident in SFK knockouts and in the presence of soluble SFK inhibitors where neutrophil recruitment stalled after arrest and polarization on inflamed endothelium, likely due to an inability of LFA-1 to properly distribute into biaxial clusters.
We conclude that an upshift in LFA-1 affinity and formation of multivalent bonds with ICAM-1 homodimer is a dynamic process providing a key navigational step in the transition to a migratory phenotype. In this manner, both the endothelium and leukocyte cooperate in regulating the efficiency and site of leukocyte recruitment during inflammation.
